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Summary
Objective: To examine the effect of O2 and the role, and source, of reactive oxygen species (ROS) on pH regulation in articular chondrocytes.
Methods: Cartilage from equine metacarpo/tarsophalangeal joints was digested (collagenase) to isolate chondrocytes and loaded with
20,70-bis-2-(carboxyethyl)-5(6)-carboxylﬂuorescein, a pH-sensitive ﬂuorophore. O2 tension was maintained using Eschweiler tonometers
and a Wosthoff gas mixer. Cells were exposed to agents which alter ROS levels, mitochondrial inhibitors and/or inhibitors of protein phosphor-
ylation. ROS levels were determined by dichloroﬂuorescein and mitochondrial membrane potential measured using JC-1.
Results: pH homeostasis was dependent on ROS. Naþ/Hþ exchanger (NHE) activity was inhibited at low O2 tension (acid efﬂux reducing from
2.30 0.05 to 1.27 0.11 mMmin1 at 1%). NHE activity correlated with ROS levels (r2¼ 0.65). ROS levels were increased by antimycin A
(with levels at 1% O2 tension increasing from 59 9% of the value at 20% to 87 7%), but reduced by rotenone, myxothiazol and dipheny-
leneiodonium. Hypoxia induced depolarisation of the mitochondrial membrane potential (with JC-1 redegreen ﬂuorescence ratio at 1% O2
tension decreasing to 40 10% of the value at 20%). The response to changes in O2 and to antimycin A was inhibited by staurosporine, wort-
manin and calyculin A.
Conclusion: The fall in ROS levels in hypoxia reduces the ability of articular chondrocytes to regulate pH, inhibiting NHE activity via changes in
protein phosphorylation. The site of ROS generation is likely to be mitochondrial electron transport chain complex III. These effects are
important to understanding normal chondrocyte function and response to altered O2 tension.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage lacks a blood supply and therefore its ma-
trix and constituent cells, the chondrocytes, experience a rel-
atively low ambient O2 tension
1. It is estimated that most
articular chondrocytes are exposed to between 5% and
7% O2, compared to 13% in arterial blood. Although there
is likely to be a supply of O2 from subchondral bone, the level
of O2 within the synovial ﬂuid is the most important determi-
nant of O2 tension in cartilage and hence that experienced
by the articular chondrocytes1,2. Synovial O2 tensions may
fall further to very low levels in joint disorders such as
chronic inﬂammatory arthritis, with subsequent effects on
cartilage O2 tension
1,3. Low O2 tension therefore presents
an important stress for articular chondrocytes in vivo.
Recently, it has become increasingly evident that O2 ten-
sion represents a critical parameter in modulating chondro-
cyte function. O2 levels have marked effects on the
chondrocyte phenotype, for example, altering expression
of proinﬂammatory mediators, collagen type 2 and aggre-
can4e6. Shorter term changes in O2 tension also have
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sion impacts upon ion homeostasis in articular chondro-
cytes7,8. These ﬁndings are signiﬁcant because ion
imbalance can mediate reduction in matrix synthesis and
encourage activation of degradatory enzymes9,10. To
date, we have found signiﬁcant effects of O2 on both intra-
cellular pH and Ca2þ, predominantly via altered activity of
membrane transport systems (including Naþ/Hþ exchanger,
NHE, and Naþ/Kþ pump). NHE activity is especially impor-
tant because it represents the main mechanism by which
chondrocytes export Hþ ions, and thereby maintain their
normal intracellular pH. In equine chondrocytes, we have
recently shown that exposure to low O2 tension (1%) results
in intracellular acidiﬁcation via inhibition of membrane
NHE11. There was no apparent effect on pH homeostasis
when comparing tissue incubated at 20% or 5%11. Our ﬁnd-
ings suggested that the effects of O2 are mediated through
reactive oxygen species (ROS). Thus whilst excessive
levels of ROS have been proposed to be important in a num-
ber of joint diseases12e14, they also appear to mediate im-
portant physiological roles.
The present work was designed to extend our study on
the effects of O2 tension on pH regulation in articular chon-
drocytes. We address two main questions: ﬁrst, the source
of ROS and second, the components of protein phosphory-
lation which regulate NHE.
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CHEMICALS
Amiloride, antimycin A, collagenase, cyanide, N-[2-hy-
droxyethyl]piperazine-N 0-[2-ethanesulfonic acid] (HEPES),
H2O2, myxothiazol, rotenone, salts, staurosporine, tissue
culture media and wortmanin were all purchased from
SigmaeAldrich, Poole, UK. The action of some of these
chemicals is summarised in Table I. 20,70-bis-2-(Carbox-
yethyl)-5(6)-carboxylﬂuorescein (BCECF) and JC-1 were
obtained from CN Biosciences, Nottingham, UK, and 20,70-
dichloroﬂuorescein diacetate (DCFH-DA) from Molecular
Probes (InvitrogenLtd,Paisley,UK).CalyculinAwasobtained
from Calbiochem (Merck Biosciences Ltd, Nottingham).
CHONDROCYTE ISOLATION
Cartilage slices were taken from fetlock (metacarpopha-
langeal) joints of horses humanely killed for other purposes
(under Home Ofﬁce guidelines), age 3e16 years (mean
10.1 1.4). Equine cartilage was chosen as a model be-
cause the age rangeandactivity of horses better reﬂect those
of humans (compared to pig or cattle)15. Slices were main-
tained in a variable O2/CO2 incubator (Galaxy R, RSBiotech,
Irvine, Scotland) at 37C in Dulbecco’s Modiﬁed Eagle’s Me-
dium (DMEM) in the absence of serum, supplemented with
antibiotics (penicillin 200 Uml1, streptomycin 100 mgml1
and fungizone 2.5 mgml1). All experiments were carried
out in the absence of serum, because this contains growth
factors and cytokines that alters the normal pH homeostasis
of chondrocytes16. As required, chondrocytes were isolated
into DMEM (osmolality 290 mOsm kg1) by collagenase di-
gestion (0.8e1.0 mgml1) for 15 h, and used immediately.
Although the osmolality of DMEM is lower than that of the nor-
mal environment, previous work has shown that the slow di-
gestion of matrix results in cells resetting their osmotic
sensitivity such that their volume is not perturbed17. Cells
were washed into the appropriate saline for transport assays,
all performed at 37C. The isolation technique for chondro-
cytes was adapted from Kuettner et al.18 The cells released
by this isolation protocol have been extensively character-
ized, and conﬁrmed as articular chondrocytes on the basis
of the expression of speciﬁc markers such as collagen.
Good cell viability was conﬁrmed by Trypan blue exclusion.
SOLUTIONS
A simple saline was designed for transport studies which
has been shown to maintain cell viability for the duration of
Table I
The site of action, and effect, of various inhibitors on levels of ROS
and acid efflux
Target site ROS Acid efﬂux
Antimycin A Q i site of complex III [ [
Cyanide Complex IV Y No effect
Diphenyleneiodonium Complex II and
NADPH oxidase
Y Y
Myxothiazol Qo site of complex III Y Y
Rotenone Complex I Y Y
Calyculin A STP No effect [*
Staurosporine STK No effect [*
Wortmanin PI3K No effect Y*
Key: STP, serineethreonine protein phosphatase; STK, serinee
threonine protein kinase; [, increase; Y, decrease.
*Loss of O2 sensitivity.the experiments. The standard medium was HEPES-buff-
ered saline, comprising (mM): NaCl (145), KCl (5) CaCl2
(2), glucose (5), HEPES (15), pH corrected to 7.4 at 37C
in the nominal absence of CO2/HCO3
.
TONOMETRY
To regulate O2 tension for shorter experimental manipula-
tions, cells were incubated for 3 h in Eschweiler tonometers
(Kiel, Germany) ﬂushed with fully humidiﬁed gases (at
150 mmHg O2 or 20%; 5%, 2.5% and 1%), with N2 replac-
ing air to reduce O2 levels. They were then transferred to
test tubes or cuvettes, containing solutions also pre-equili-
brated at the appropriate O2 tension, for transport assays.
During transport assays, solutions were ﬂushed with gas
to prevent changes in O2 tension. An O2 meter (Hansatech,
King’s Lynn, UK) was used to ensure that O2 tensions expe-
rienced by the cells were at the required values. When
investigating the effects of inhibitors of protein phosphoryla-
tion, the reagents were added for the ﬁnal 30 min of incuba-
tion before measurement of ROS or acid efﬂux; reagents to
alter ROS levels were added at the start of the 3 h
incubation.
FLUORIMETRY
The pH-sensitive dye BCECF was used to measure intra-
cellular pH (pHi). The altered spectra in response to
changes in [Hþ] allow accurate determination of pH. The es-
terised form of the dye BCECF-AM is cell permeable and
enters the cytoplasm where non-speciﬁc esterases deace-
tylate the molecule trapping it within the cell. Loading was
carried out using 10 mM BCECF-AM for 30 min. pH could
then be determined using a spectroﬂuorimeter (Hitachi
F2500, Tokyo, Japan) at excitation wavelengths of
490 nm and 439 nm, with emission recorded at 535 nm.
The 490 nm/439 nm ratio of emission signals was con-
verted to pH values using a calibration curve. The latter
was constructed by permeabilising the cells to Hþ with the
ionophore nigericin (2 mM), suspended in high-Kþ solutions
(to prevent changes in intracellular [Kþ]) of differing pH. To
obtain a measure of the maximum rate at which cells can
export Hþ ions, the cytoplasm was acidiﬁed using the am-
monium rebound technique. Cells were exposed to NH4Cl
(20 mM) which equilibrates across the cell membrane.
They were then washed free of ammonium, following which
efﬂux of ammonia leaves Hþ inside the cell, thereby acidify-
ing the cytoplasm. Recovery of pHi was recorded and con-
verted to equivalent acid efﬂux using the intracellular
intrinsic buffering capacity (bi). This was determined from
the magnitude of pH displacement following addition of
20 mM NH4Cl to cells previously acidiﬁed to varying
degrees by incubation with NH4Cl and resuspended in
Naþ-free solutions. Penetration of NH4
þ was corrected by
extrapolation of the pHi signal to the point of addition. As
in previous studies, bi values were ascribed to the pHi
from which the displacement occurred19. Buffering capacity
was described by the relation bi¼55.60pHiþ 398
(n¼ 23). Acid equivalent efﬂux (JH, mMmin1) was then
calculated as JH¼ (DpHi/Dt)bi.
REACTIVE OXYGEN SPECIES
Levels of intracellular ROS were measured using the
DCF method20. Aliquots of cells were incubated with
DCFH-DA (100 mM) for 3 h at 37C, after which they were
737Osteoarthritis and Cartilage Vol. 15, No. 7washed once by centrifugation and resuspension in saline.
Cell suspensions were then transferred to cuvettes for mea-
suring ﬂuorescence. ROS generation leads to DCFH oxida-
tion which can be assessed spectrophotometrically by DCF
ﬂuorescence emission (EX¼ 490 nm, EM¼ 535 nm). Inten-
sity of emission was then compared between cell aliquots
maintained in the different experimental conditions and ex-
pressed as a percentage.
MITOCHONDRIAL MEMBRANE POTENTIAL
Mitochondrial membrane potential was assessed using
the ﬂuorescent dye JC-121. Cells were loaded with
100 mM JC-1 for 20 min at 37C. JC-1 is a cationic dye
that exhibits potential-dependent accumulation in mitochon-
dria. Inside the mitochondria, the ﬂuorescence emission
shifts from green (monomers of JC-1) to red (aggregates).
These were detected ﬂuorimetrically (using EX 490 nm,
and EM 590 nm for red, 525 nm for green). Mitochondrial
depolarisation is indicated by a decrease in the red to green
ﬂuorescence ratio.
CELL VIABILITY AND CELL COUNTING
Cell viability was assessed by Trypan blue exclusion in
a haemocytometer. Viability was always >95%. Because
some of the reagents used may affect cell viability, this
was measured at the end of the experiments, but in all
cases was unaffected. For ﬂuorimetric assays, cells were
used at a ﬁnal concentration of 105e106 ml1.
STATISTICS
Unless otherwise stated, results are presented as mean-
s S.E.M., where n refers to the number of separate animals
studied. For batches of cells from each individual animal
(n¼ 1), experiments were performed in at least triplicate.
Signiﬁcant differences were determined by Student’s un-
paired t test, with P values given where appropriate. (N.S.
indicates data not signiﬁcantly different from each other.)
Results
ROS AND NAþ/Hþ EXCHANGE
We ﬁrst deﬁned the effect of low O2 tension on pH homeo-
stasis of articular chondrocytes. Reduction inO2 to 1% for 3 h
reduced intracellular pH by approximately 0.2 pH units (from
7.04 0.06, n¼ 11, to 6.82 0.07, n¼ 4) (P< 0.002),
inhibited NHE activity by approximately 50% (from
2.30 0.05 mMmin1, n¼ 59, to 1.27 0.11 mMmin1,
n¼ 4) and reduced levels of ROS by approximately 40%.
Because there was no apparent effect on pH homeostasis
or ROS levels when comparing tissue incubated at 20% or
5%11, the following therefore concentrates on differences
between 20%, representing high O2 levels, and 1%, repre-
sentative of hypoxic conditions for this tissue. Several mani-
pulations were able to restore ROS levels to those seen at
high O2 tension. The effect of the exogenous ROS, H2O2,
and the mitochondrial complex III inhibitor, antimycin A at
1% O2 tension are shown in Fig. 1(a). Each of these treat-
ments was also able to restore NHE activity to the levels
seen at high O2 tension [Fig. 1(a)]. Moreover, there was
a good correlation between ROS levels and acid efﬂux
[Fig. 1(b)]. It is likely therefore that the fall in ROS levels
couples reduction in O2 tension to inhibition of NHE. At20% O2 tension, antimycin A (50 mM) also increased
ROS levels (to 159 34%, n¼ 3, P< 0.05, of the value in
the absence of inhibitor).
SITE OF GENERATION OF ROS AND EFFECT ON NHE ACTIVITY
ROS can be generated at several sites within cells. In the
subsequent series of experiments, we therefore investi-
gated in more detail the site of production of ROS.
First, the effect of rotenone, an inhibitor of mitochondrial
complex I, was investigated. At both 20% and 1% O2, rote-
none produced a dose-dependent reduction in ROS levels
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Fig. 1. (a) Effect of hydrogen peroxide and antimycin A on ROS
levels and on acid efﬂux from isolated equine chondrocytes. ROS
levels were measured as DCF ﬂuorescence, and acid efﬂux (JH,
mMmin1) determined from the pH recovery following acid loading,
converted to an acid equivalent ﬂux using the intracellular buffering
capacity. Cells were incubated at 20% or 1% O2 tension for 3 h, in
the presence or absence of H2O2 (100 mM) or antimycin A (50 mM).
Values are given as percentages of the values measured in control
cells at 20% O2. Histograms represent means S.E.M., n¼ 3e11.
(b) Correlation between ROS levels and acid efﬂux from isolated
equine chondrocytes. n¼ 33, r2¼ 0.65. Values are given as per-
centages of the values measured in control cells at 20% O2. Aster-
isks (*) indicate signiﬁcant differences, P< 0.05, with control values
at 20%.
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efﬂux [JH, Fig. 2(b)].
Myxothiazol, which inhibits mitochondrial complex III up-
stream of the site of production of ROS, gave results similar
to those of rotenone at 20% O2 tension, with inhibition of
ROS production [Fig. 3(a)] and acid efﬂux [JH, Fig. 3(b)];
at 1%, myxothiazol inhibited acid efﬂux at 1 mM, but reduc-
tion in ROS levels was less sensitive, becoming apparent
only at 10 mM. When the different components of acid efﬂux
were determined, using the NHE inhibitor amiloride, it was
found that these reagents always inhibited the amiloride-
sensitive component with little change in the amiloride-in-
sensitive ﬂux, consistent with an action on NHE activity
[Fig. 3(b)].
Diphenyleneiodonium (DPI), which inhibits ﬂavocyto-
chromes including the non-mitochondrial NADPH oxidase,
as well as NADH ubiquinone oxidoreductase (complex I)
and succinate dehydrogenase (complex II), was also inves-
tigated. Again, DPI reduced ROS levels at both 20% and
1% O2 tension [Fig. 4(a)]. For acid efﬂux, DPI reduced
levels at 20% O2 tension, but had no signiﬁcant effect at
1% [Fig. 4(b)]. When cells were exposed to DPI (10 mM)
in combination with antimycin A (50 mM) at 1% O2 tension,
ROS and acid efﬂux were not signiﬁcantly different to levels
observed in 1% controls (ROS being 90 9% of 20%
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Fig. 2. Effect of rotenone on ROS levels and acid efﬂux from iso-
lated equine chondrocytes. (a) ROS levels were measured as
DCF ﬂuorescence (given as percentages of the values measured
in control cells at 20% O2), and (b) acid efﬂux (JH, mMmin
1) de-
termined from the pH recovery following an acid load. Cells were
incubated at 20% or 1% O2 tension for 3 h, in the presence or ab-
sence of rotenone (1e100 mM). Histograms represent mean-
s S.E.M., n¼ 3. For acid efﬂux, rotenone signiﬁcantly reduced
values compared to controls at 20%; for DCF, rotenone inhibition
is signiﬁcant at concentrations of 10 mM and above at 20%, and
at 100 mM at 1%.controls with antimycin A alone, and 50 11% with both
DPI and antimycin A; acid efﬂux was 2.52 0.15 and
1.46 0.31 mMmin1, respectively).
Cyanide (10 mM), an inhibitor of cytochrome oxidase
(complex IV), reduced ROS levels at 20% O2 to 75 4%,
but had no effect at 1% O2. At 20% O2, cyanide caused
a moderate reduction in acid efﬂux (JH) from 1.86 0.15
to 1.49 0.31 mMmin1, which was less of an inhibition
compared to that produced by hypoxia (1.33 0.18), with
no effect on JH apparent at 1% O2.
These effects contrast with that of antimycin A which at
1% O2 tension restored ROS production to the levels
seen at 20% O2 and also protected against reduction in
acid efﬂux [Fig. 1(a) and Ref. 11].
Finally, we investigated the effects of hypoxia on mito-
chondrial membrane potential [Fig. 5(a)]. Following incuba-
tion at 1% O2, the mitochondrial membrane potential
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Fig. 3. Effect of myxothiazol on ROS levels and acid efﬂux from iso-
lated equine chondrocytes. (a) ROS levels were measured as DCF
ﬂuorescence (given as percentages of the values measured in con-
trol cells at 20% O2), and (b) acid efﬂux (JH, mMmin
1) determined
from the pH recovery following an acid load. Cells were incubated
at 20% or 1% O2 tension for 3 h, in the presence or absence of
myxothiazol (0.1e10 mM). Acid efﬂux was measured in the pres-
ence or absence of amiloride (100 mM), allowing calculation of the
amiloride-sensitive ﬂux. Histograms represent means  S.E.M.,
n¼ 3e5. Asterisks (*) indicate signiﬁcant differences, P< 0.05,
comparing with 20% controls for DCF, and for amiloride-sensitive
controls for acid efﬂux.
739Osteoarthritis and Cartilage Vol. 15, No. 7(assessed using the dye JC-1) depolarised. When hypoxia
was combined with treatment with antimycin A, the potential
was e as expected e very much reduced.
PROTEIN PHOSPHORYLATION AND ROS
We have shown previously that application of calyculin A
(100 nM) stimulates NHE activity at 20% O2 tension and
completely eliminates the inhibitory effect of reducing O2
tension to 1%11. Here we compared its effects on acid efﬂux
with those of staurosporine, a broad-spectrum protein ki-
nase inhibitor, and wortmanin, an inhibitor of inositol triphos-
phate kinase (PI3K), at both 20% and 1% O2 tensions
[Fig. 5(b)]. Like calyculin A (100 nM), staurosporine
(200 nM) increased acid efﬂux at 20% O2. Both calyculin
A and staurosporine prevented any decrease in acid efﬂux
when O2 was reduced to 1%. By contrast, wortmanin
(200 nM) inhibited JH at 20% O2 tension, with acid efﬂux be-
ing reduced to the level seen at 1% in the absence of any
inhibitors. In the presence of both staurosporine and wort-
manin, acid efﬂux became insensitive to changes in O2
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Fig. 4. Effect of DPI on ROS levels and acid efﬂux from isolated
equine chondrocytes. (a) ROS levels were measured as DCF ﬂuo-
rescence (given as percentages of the values measured in control
cells at 20% O2), and (b) acid efﬂux (JH, mMmin
1) determined
from the pH recovery following an acid load. Cells were incubated
at 20% or 1% O2 tension for 3 h, in the presence or absence of DPI
(10 mM). Histograms represent means S.E.M., n¼ 4. Asterisks (*)
indicate signiﬁcant differences, P< 0.05, compared to controls
at 20%.tension. Furthermore, at 1% O2, all three protein kinase/
phosphatase inhibitors abolished any change in acid efﬂux
when antimycin A (50 mM) was also present (for example,
JH with staurosporine was 3.45 0.02 and 3.40 0.04
mMmin1 when antimycin A was also present). The actions
of these inhibitors did not reﬂect modulation of ROS gener-
ation since ROS levels were found to be unaltered at both
20% and 1% O2 tensions [Fig. 5(b)].
Discussion
In this report, we have investigated the mechanism by
which altered O2 tension affects pH homeostasis in articular
chondrocytes. We provide additional evidence that reduc-
tion in levels of ROS mediates inhibition of NHE activity in
hypoxia, and thereby causes intracellular acidiﬁcation. In-
hibitor studies and measurement of mitochondrial mem-
brane potential are consistent with the predominant
source of ROS being these intracellular organelles, and in
particular, at a site on complex III of the mitochondrial
electron transport chain. These ﬁndings are important for
understanding the function of chondrocytes and their
response to O2.
SOURCE OF ROS
ROS can be generated within cells at several sites. Mito-
chondria represent the major cellular sink for O2 reduction,
and hence that with the greatest potential for ROS forma-
tion22e24. In fact, an estimated 2e3% of the total O2 con-
sumed during electron transport is reduced, not to water
by cytochrome c oxidase, but rather to the superoxide anion
(O2

)25. Although antioxidants are abundant in the mitochon-
drial matrix22,26,27 e and serve to prevent the escape of
ROS if these are generated at the matrix face of the inner
membrane e ROS may be released into the cytoplasm
should they be formed on the outer face, that is into the in-
termembrane space. Electron transfer to form superoxide
occurs at two principal sites within the mitochondria, com-
plex I (NADH ubiquinone oxidoreductase) and complex III
(ubiquinol:cytochrome c oxidoreductase, or bc1 com-
plex)28,29. The mitochondrial electron transport chain links
these complexes. Electrons entering complex III can be
provided via either complex I or complex II (succinate de-
hydrogenase ubiquinone reductase), being shuttled via
the ubisemiquinone cycle. A third main source of O2 is
the non-mitochondrial membrane-bound NADPH oxidase30,
a ﬂavocytochrome implicated in the generation of ROS dur-
ing bacterial killing by lymphocytes.
IDENTIFICATION OF THE SOURCE OF ROS
Identiﬁcation of the main site of production of ROS in re-
sponse to particular stimuli is usually carried out using com-
plex inhibitors (Table I). Rotenone prevents electron
transfer from complex I to complex III, by inhibiting complex
I near the binding site for ubiquinol31. In some cases, it may
promote transfer of an electron to O2, but the resulting
O2

usually enter the mitochondrial matrix where it is scav-
enged by the antioxidant defence29,32,33. Alternatively, by
reducing electron ﬂow to complex III, rotenone may inhibit
generation of ROS at this downstream site33. Both myxo-
thiazol and antimycin A are complex III inhibitors, acting
on the Q cycle, although e importantly e these reagents ex-
ert their actions at different sites24. Thus myxothiazol acts
upstream of generation of O2

(at the Qo site oriented
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Fig. 5. (a) Effect of hypoxia and antimycin A on mitochondrial membrane potential. Mitochondrial membrane potential was measured using
JC-1 ﬂuorescence, expressed as the ratio of emission (EM 590 nm/EM 525 nm; EX 490 nm) normalised to that at 20% O2 (the red/green
emission ratio at 20% O2 tension was 47 13). Cells were incubated at 20% or 1% O2 and at 1% in the presence of antimycin A (50 mM).
Histograms represent means S.E.M., n¼ 3e5, given as percentages of the values measured in control cells at 20% O2. (b) Effect of inhibitors
of protein kinases and phosphatases on ROS levels and acid efﬂux in isolated equine chondrocytes. ROS levels were measured as DCF
ﬂuorescence and acid efﬂux (JH, mMmin
1) determined from the pH recovery following acid loading. Cells were incubated at 20% or 1%
O2 tension for 3 h, in the presence or absence of calyculin A, staurosporine or wortmanin. Histograms represent means S.E.M., n¼ 3e6.
Asterisks (*) indicate signiﬁcant differences, P< 0.05, compared to 20% controls.towards the intermembrane space), where electrons are
passed from ubiquinol34. By this mechanism, myxothiazol
reduces semiquinone formation and hence ROS genera-
tion33. By contrast, antimycin A inhibits downstream (at
site Qi, which faces the mitochondrial matrix), preventing
onward electron transfer. Antimycin A does not inhibit elec-
tron transfer from ubiquinol, but rather prevents transfer of
a second electron to the Qi site, causing accumulation of
the unstable semiquinone at the Qo site, hence increasing
ROS generation35e37. Cyanide is an inhibitor of complex
IV (cytochrome oxidase) itself38. Finally, DPI inhibits ﬂavo-
cytochromes, including NADPH oxidase (as well as ﬂavo-
cytochromes at complexes I and II).
Our experiments showed that, with the exception of anti-
mycin A, all other inhibitors (rotenone, myxothiazol, DPI, cy-
anide) reduce ROS levels, regardless of O2 tension. By
contrast, antimycin A increases ROS levels. In addition,
combination of DPI with antimycin A prevents the protection
afforded by the latter applied on its own. We interpret these
ﬁndings as an indication that the major source of ROS in ar-
ticular chondrocytes is complex III, which is supplied with
electrons from both complex I (hence the inhibition by rote-
none) and complex II (hence inhibition by DPI). ROS pro-
duction can be inhibited through DPI inhibition of NADH
oxidase at complex I or the non-mitochondrial NADPH oxi-
dase. The latter, however, requires high O2 levels for its ac-
tivity which is thus likely to be low at 1% O2 tension:
inhibition of ROS levels by DPI at low O2 is therefore
more likely to be exerted through its effects on
mitochondria.
MECHANISM OF REDUCTION OF ROS DURING HYPOXIA
Mitochondrial substrates provide electrons which are
passed along the electron transport chain39. The proton-
motive activity of the complexes converts the free energy
of electron transfer into a proton gradient across the inner
mitochondrial membrane. Hþ translocation generatesa high negative potential difference inside the mitochondria
(approximately 200 mV). Subsequently, the ﬂow of Hþ
ions down their electrochemical potential gradient back
into the mitochondrial matrix is used to synthesise ATP.
We observed that low O2 resulted in depolarisation of the
mitochondrial membrane potential, which is implicit with
a reduction in mitochondrial electron transfer. Inhibition of
the ﬂow of electrons will reduce those available for partial
reduction of O2 to ROS, providing an explanation for the de-
crease in ROS during hypoxia. Although inhibition of mito-
chondrial function might also reduce ATP levels and
thereby affect cellular functions, including pH homeostasis,
this mechanism is less unlikely, for several reasons. First,
chondrocytes perform largely glycolytic metabolism40; sec-
ond, ATP levels do not fall during hypoxic periods of the du-
ration used here8; and third, antimycin A, which restores
NHE activity, would further compromise the ability of chon-
drocytes to synthesise ATP.
CHONDROCYTES COMPARED TO OTHER TISSUES
In many tissues, hypoxia is accompanied by an increased
generation of ROS from complex III, although this is not al-
ways the case20,41. There are a number of peculiarities of
chondrocytes which may be relevant to this comparison.
First, the absolute level of O2 is important. In many cases,
5% is taken as the hypoxic O2, rather than 1% as here
20.
Second, chondrocytes habitually experience low O2 tension
compared with many other tissues1. Normoxia for a chon-
drocyte is around 5% and cells would be expected to
have adapted to this unusual environment. Third, it has
been suggested that chondrocytes lack the mitochondrial
complex IV, cytochrome oxidase, or that it is present in
very low amounts42. Thus ATP generation is largely
achieved through glycolytic pathways and not oxidative
phosphorylation40. As a consequence of the lack of com-
plex IV, electron transfer along an incomplete mitochondrial
chain cannot result in the full reduction of O2 to water, as will
741Osteoarthritis and Cartilage Vol. 15, No. 7be the case in other cells. Rather, we suggest that at high
O2 tension, electrons and O2 form predominantly O2

. In
this case, reduction in O2 tension will inhibit ROS genera-
tion, rather than stimulating it. The requirement for O2 by
chondrocytes, despite negligible oxidative phosphorylation,
may be linked with these processes. We speculate that the
formation of ROS is critical, with these compounds when
used as intracellular messengers, controlling functions
such as pH homeostasis.
ROLE OF PROTEIN PHOSPHORYLATION
Finally, the present results also emphasise a probably
role for protein phosphorylation in regulation of NHE. Since
both the phosphatase inhibitor calyculin A and the kinase
inhibitor staurosporine stimulate NHE at 20% O2 and also
remove inhibition of NHE activity by hypoxia, it would
appear that phosphorylation of amino acid residues on pro-
teins can be both stimulatory and inhibitory, a phenomenon
that is often observed in the complex kinase/phosphatase
cascades present within cells. The effect of wortmanin,
a speciﬁc inhibitor of PI3K, further suggests that this
enzyme is involved in the O2 response. All these inhibitors
prevent any change in acid efﬂux in response to hypoxia.
They also interfere with the protective effect of antimycin
A. Whilst we acknowledge that these reagents are relatively
broad spectrum in their action, their effects do serve to indi-
cate that protein phosphorylation is involved in the response
to changes in O2 tension. Notwithstanding, further experi-
ments are required to determine the precise enzymes and
target sites.
Conclusion
Hypoxia of articular chondrocytes causes their acidiﬁca-
tion through the inhibition of NHE activity. NHE activity cor-
relates closely with ROS levels. Mitochondrial complex III is
the likely site of production of ROS, with depolarisation of
the mitochondrial membrane potential during hypoxia prob-
ably causing the fall in ROS. These ﬁndings emphasise
a physiological role for ROS in this tissue, in addition to
the more well-known pathological role in diseases such as
rheumatoid arthritis.
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